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Recent advances in vascular gene transfer have shown potential new treat- 
ment modalities for cardiovascular disease, particularly In the treatment of 
vascular restenosis. The antisense approach to Inhibiting gene expression 
involves introducing oligonucleotides complementary to mRNA into cells in 
order to block any one of the following processes: uncoiling of DNA, tran- 
scription of DNA, export of RNA, DNA splicing, RNA stability, or RNA transla- 
tion involved in the synthesis of proteins in cellular proliferation. The 
approach includes the use of antisense oligonucleotides, antisense mRNA, 
autocatalytic ribozymes, and the insertion of a section of DNA to form a tri- 
ple helix. Proof of principle has been established that inhibition of several 
cellular proto-oncogenes, including DNA binding protein c-myb, non-muscle 
myosin heavy chain, PCNA proliferating-cell nuclear antigen, platelet-derived 
growth factor, basic fibroblast growth factor and c-myc, inhibits smooth mus- 
cle cell proliferation in vitro and in several animal models. The first clinical 
study demonstrated the safety and feasibility of local delivery of antisense in 
the treatment and prevention of restenosis; another randomised clinical trial 
(AVAIL) with local delivery of c-myc morpholino compound in patients with 
coronary artery disease demonstrated its long-term effect on reducing 
neointimal formation, as well as Its safety. These preliminary findings from 
the small cohort of patients require confirmation In a larger trial utilising 
more sophisticated drug-eluting technologies. 
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1. Introduction 

Despite significant advances in pharmacological treatment and the implementation 
of novel surgical techniques, the treatment of coronary artery disease (CAD) is char- 
acterised by the expanding use of percutaneous coronary intervention (PCI) [i]. The 
introduction of stents showed a significant decrease in vessel remodelling and elastic 
recoil at the site of intervention and clearly demonstrated the superiority of stent 
implantation over percutaneous transluminal coronary angioplasty (PTCA) alone 
with respect to restenosis in de novo coronary lesions. However, extensive use of cor- 
onary stents to prevent restenosis has produced a new disease: in-stent restenosis. 
Unfortunately, this complication continues to be difficult to prevent; regardless of 
the treatment strategy, the rate of in-stent restenosis (20 — 60% after bare metal stent 
implantation) is still unacceptably high, depending on vessel and patient bias (2-4.61. 
This is particularly true in patients with diabetes and in some lesion sublets, such as 
bifurcated lesions, long diffuses lesions, and/or small vessels {6]. However, it is also 
evident that neointimal proliferation is not affected by the stenting technique [5]. 
Thus, despite significant advances in the treatment of cardiovascular disease, intimal 
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hyperplasia remains the most common cause of early failure 
after PCI. 

In addition to mechanical procedures, existing treatment 
strategies for intimal hyperplasia include two main approaches: 

• inhibiting vascular smooth muscle cell (VSMC) prolifera- 
tion and growth, and stimulating the pathways that lead to 
VSMC apoptosis 

* promoting re-endothelialisation and augmenting 
endothelial functions 

Considering the fact that endothelial cells can have hetero- 
topic origin and supply sources, the field of endothelial pro- 
genitor cells is being intensely studied at present and might 
have a high impact for antirestenotic therapies in the future. A 
new trend towards stent-based drug delivery explored the 
potential of antiproliferative drugs in the treatment and pre- 
vention of the intimal hyperplasia. Although the first clinical 
experiences with drug-eluting stents have produced stunning 
results, there are a number of theoretical limitations to these 
devices, including early thrombosis and late restenosis. 

Indeed, several completed studies on sirolimus- and paclit- 
axel-eluting stents showed great capability of this approach in 
the prevention and/or treatment of in-stent restenosis. How- 
ever, recent advances in vascular gene transfer have shown 
potential new treatment modalities for cardiovascular disease, 
particularly in the treatment of vascular restenosis. 

2. Rationale for using antisense 
oligonucleotides in the treatment of 
intimal hyperplasia 

2.1 Gene therapy of intimal hyperplasia 

Gene therapy, which has been defined as the transfer of 
nucleic acids (either functional genes or oligonucleotides 
[ODNs]) to the somatic cells of an individual with a resulting 
therapeutic effect [71 » targets particular genes and thus appears 
to be more selective and suited to a site-specific treatment 
approach, as in the case of intimal hyperplasia, than conven- 
tional drug therapy. Moreover, vascular gene transfer can be 
used not only to overexpress or block therapeutically impor- 
tant proteins and correct genetic defects, but also to study var- 
ious genes and experimentally test their role in the 
development of particular pathological conditions. 

Neointimal hyperplasia involves a complex interaction 
between multiple growth factors that promotes VSMC 
migration and proliferation [8-io]. Platelet aggregation and 
simultaneous activation of smooth muscle cells (SMCs) in 
the media immediately follow injury to the vessel wall. 
Within 24 h, DNA replication in the medial SMCs can be 
observed; in 4 days, migration of SMCs from the media to 
the intima becomes apparent. In the intima, proliferation of 
SMCs occurs for several days and stops in 4 weeks, even in 
the absence of endothelial regeneration. Furthermore, 
synthesis and deposition of the extravascular matrix leads to 
intimal hyperplasia (11.12). 



Multiple factors have been implicated in the development 
of intimal hyperplasia. Many of these have been identified 
and studied. They involve the release of a host of cytokines 
and growth factors by platelets, leukocytes and SMCs, which 
can induce the synthesis of gene products that stimulate 
VSMC migration and proliferation, thereby contributing to 
excessive intimal growth. These appear to be feasible targets 
for future therapy and prevention of the intimal hyperplasia. 
Gene transfer studies (e.g., WV05, />53, kallikrein gene, 
HSV'tk with ganciclovir therapy, cytosine deaminase with 
3-fiuorocytosine therapy, tissue factor pathway inhibitor, 
adrenomedullin, c-Myc antisense) have shown the potential 
advantages of gene therapy in the prevention of intimal 
hyperplasia [13-22]. However, several hurdles must be overcome 
before gene-based stent therapy can be applied successfully in 
clinical trials. This includes: 

• increasing the efficiency of gene delivery through 
atherosclerotic plaques 

• increasing intramural retention times; preventing the 
inflammatory reaction that stents coated with biodegradable 
polymers can elicit 

• overcoming the risk of systemic gene delivery 

• accessing the adventitia via a percutaneous approach [23] 

2.2 Antisense approach to inhibiting gene expression 

The first successfiil experience that used ODNs to inhibit gene 
expression and virus replication was presented by Zamecnik 
and Stephenson in 1978 [24]. They synthesised a 13-mer oligo- 
deoxynucleotide complementary to the 5'- and 3 '-reiterated 
terminal sequences of the Rous sarcoma virus 35S RNA and 
showed that exposure of infected fibroblasts to this oligomer 
led to a 99% decrease in reverse transcriptase activity in the 
medium, which also correlated with a decrease in cellular 
transformation. This study showed that such compounds may 
have a therapeutic advantage by specifically targeting genetic 
sequences that are critical to disease processes. 
Three major classes of ODNs exist: 

• antisense sequences (commonly called antisense ODNs) 

• antigen sequences 

• ribozymes and w-clcmcnt double-stranded decoy ODNs 

Antisense sequences are derivatives of nucleic acids (DNA or 
RNA sequences) that hybridise cytosolic mRNA strands 
through hydrogen bonding to complementary nucleic acid 
bases. Antigenc sequences hybridise double-stranded DNA 
in the nucleus, forming triple helices. Instead of inhibiting 
protein synthesis simply by binding to a single targeted 
mRNA, ribozymes combine enzymatic processes with the 
specificity of base pairing, creating a molecule that can 
incapacitate multiple targeted mRNAs [25]. Transfection of 
decoy ODNs will result in attenuation of authentic cis— trans 
interaction, leading to the removal of mzw-foctors from the 
endogenous cw-clements, with subsequent modulation of 
gene expression [26]. 
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The antisense approach to inhibiting gene expression 
involves introducing ODNs complementary to mRNA into 
cells to block any one of the following processes: uncoiling of 
DNA, transcription of DNA, export of RNA, DNA splicing, 
RNA stability, or RNA translation involved in the synthesis of 
proteins in cellular proliferation [27]. It includes the use of 
antisense ODNs, antisense mRNA, autocatalytic ribozymes 
and the insertion of a section of DNA to form a triple helix. 
The inhibition of gene expression thus achieved is believed to 
be highly specific and is dependent on formation of the 
antiparallel duplex by complementary base pairing between 
the antisense DNA and the target mRNA, in which adenosine 
and thymidine or guanosine and cytidine interact through 
hydrogen bonding. This elegant specificity of the Watson- 
Crick base pairing between the ODN and the tai^ct mRNA 
may form the basis for a highly cfFcctivc and specific thera- 
peutic modality and might be used to eliminate the expression 
of any cellular protein [28]. 

ODNs that are complementary or antisense to individual 
mRNA sequences bind to the particular sequence and prevent 
translation [29). Once inside the cell, the ODN binds to its 
target mRNA in the cytoplasm, nucleus, or both. This 
hybridisation with the mRNA explains two main mechanisms 
of action of the ODNs [3031]. First, it has been suggested that 
ODNs exert steric interference [32] to ribosome binding and 
translation, or splice excision. Evidence for steric interference 
came from studies in which antisense to the 5' cap of mRNA 
was found to be most effective in inhibiting rabbit p-globin 
protein synthesis [33]; the 5' cap is the site where a number of 
initiation factors bind for ribosome assembly, the unwinding 
of DNA, and ribosome translocation along the mRNA [34]. 

Second, the effect of antisense ODNs is due to the induc- 
tion of cleavage of mRNA by the nuclease RNAse H that spe- 
cifically recognises DNA— RNA duplexes [35-37]. Antisense 
ODNs can also enter the nucleus where they may inhibit 
splicing [38], preventing the process of pre-mRNA or mRNA, 
or block transport of the mRNA out of the nucleus. Introduc- 
tion of ODNs thus results in a reduction of specific mRNA 
and protein levels if mediated by RNAse H, or a reduction in 
specific protein levels if mediated by steric interference. 

It was also found that SMC proliferation could be 
inhibited by antisense oligomers via non-antisense mecha- 
nisms [39]. In this case, the presence of four contiguous 
guanosine residues {G-4 tract) within the ODN sequence 
caused a sequence-specific, but not antisense-dependent, 
antiproliferative effect. 

2.3 Efficacy of antisense oligonucleotides in the 
prevention of restenosis 

Inhibition of several cellular proto-oncogenes, including the 
DNA binding protein c-Myb [40.4i], non-muscle myosin heavy 
chain, proliferating cell nuclear antigen (PCNA) [42,43], and 
also platelet-derived growth factor (PDGF) [44], basic fibroblast 
growth factor (bFGF) [45], c-m/*[46] and o-Myc [47,48], has been 
shown to inhibit SMC proliferation in vitro\ the efficacy of 



these oligomers has also been confined in in vivo studies [49-51]. 
Most recent data has shown great efficacy of antisense ODNs 
in a study of fibroblast growth factor-receptor interaction and 
has revealed possible new sites targeted for restenosis preven- 
tion [52]. Another study found in vivo that downregulation of 
N-cadherin expression by antisense transfection significantly 
altered cell-cell adhesion, decreased SMC migration and pre- 
vented restenosis [53]. These in vitro and in vivo studies not 
only demonstrated efficacy of the ODN in the inhibition of 
SMC migration, proliferation and intimal hyperplasia, but also 
revealed key points in the development of antisense therapy of 
arterial restenosis (Table 1). 

The combination of two different ODNs has demonstrated 
an inhibitory effect on arterial intimal hyperplasia following 
balloon injury (54), Even after single intraluminal delivery, the 
antisense oligomer combination directed s^inst PCNA and 
cell division cycle 2 kinase (cdc2) was effective in suppressing 
neointima formation in the rat model of carotid artery bal- 
loon injury [50] . Another combination of ODNs, antisense 
cdc2 and cdk2 ODNs was successfully used by Abe et ai [55] 
to suppress neointimal SMC accumulation in vivo in the rat 
carotid artery. At the same time, Robinson et ai [56] demon- 
strated that single endoluminal delivery of PCNA/cdc2 anti- 
sense ODNs by porous balloon catheter does not affect 
neointima formation or vessel size in the pig coronary artery 
model of post angioplasty restenosis. 

The time frame of antisense ODN introduction to injured 
vessel may play an important role in the prevention of resten- 
osis. Schmidt et ai [57] showed that rat carotid artery SMC 
proliferation begins 1—2 days after balloon catheter-induced 
injury, and entry of cells into the growth phase was completed 
within 3 days of injury. At the same time, minimally modified 
bFGF-specific antisense ODN exerted its antiproliferative 
activity within this time frame. This strategy has also been 
successfully applied in the inhibition of various targets, such 
as c-cbl and c-src [58], HSV-1 [59], and c-Myc [47]. 

Different structural types of antisense ODN demonstrate 
different efficacy and specificity in inhibiting targeted mRNA. 
Stein et al. [60] carried out cell-free translation studies to com- 
pare the efficacy and specificity of four antisense structural 
types: DNA, phosphorothioate DNA, 2*-0-methyl RNA. and 
morpholino ODNs, a novel antisense ODN. It was shown 
that at low concentrations of antisense oligomer, all four types 
provide high specificity, but the morpholino oligos and 2'-0- 
methyl RNA afford better efficacy. At high oligomer concen- 
trations, ail four types provide high efficacy, although the mor- 
pholino oligos and 2'-0-methyl RNA provide substantially 
better specificity than the DNA and S-DNA. It was also 
shown that mRNA could discriminate between ODNs that 
differ only by one or two bases [30,60,6i]. Changes in a c-Myc 
antisense ODN sequence of only two bases resulted in an 
almost complete loss of its activity [61]. 

Frequent nonspecific effects may follow the use of antisense 
ODNs. Some of these effects are sequence-specific, as 
described for 4-guanosine residue, which causes an aptamer 



Expert Opin. BioL Ther. (2005) 5(1) 



81 



Antisense therapy for restenosis following percutaneous coronary intervention 



Table 1. Experimental data on antisense therapy of intima 


1 hyperplasia. 




Investigators 


Experimental model 


Gene 


ueiivery venicie 


Simons ef af. 


Rat 


c-myb 


Pluronic gel 


Edelman ef a/. 


Rat 


c-myb 


EVac 


Azrin et al. 


Pig 


c-myb 


Hydrogel catheter 


Gunn etai 


Pig 


c-myb 


None 


Bennet et al. 


Rat 


c-myb 


Pluronic gel 


Edelman ef al. 


Rat 


c-myb 


EVac 


Shi etaL 


Pig 


c-myb 


None 


Morishita ef aL 


Rat 


cdc-2/PCNA 


HVJ 


Abe ef al. 


Rat 


cdc-2 


Pluronic gel 


Abe etal. 


Rat 


cdk-2 


Pluronic gel 


Morishita ef al. 


Rat 


cdk-2 


HVJ 


Simons ef al. 


Rat 


PCNA 


Pluronic gel 


Siroios etal. 


Rat 


PDGF-a receptor 


EVac 


Robinson ef al. 


Pig coronary artery 


PCNA/cdc kinase 


Local delivery catheter 


Biro ef al. 


Rat carotid 


c-myc 


None 


Kipshidze et al. 


Rabbit femoral artery 


c-myc 


Transport catheter 


KIpshidze ef al. 


Pig coronary artery 


c-myc 


Phosphorylcholine-coated stent 



EVac Ethylenevinylacetate; HVJ: Haemagglutinating virus of Japan; NR: Not reported; PCNA: Proliferating cell nuclear antigen; PDGF: Platelet-derived growth factor. 



effect, leading to non-antisensc-dependent inhibition [39]. 
Although in vitro studies have clearly established that anti- 
sense oligomers can inhibit target genes without producing 
gross toxic eflFects on cultured cells, in vivo studies in Xenopus 
oocytes reveal that it is not possible to obtain specific cleavage 
of an intended target RNA without also causing at least the 
partial destruction of many non-targeted RNA [42]. 

2.4 Limitations of antisense therapy 

Despite the apparent success of antisense ODN therapy, sev- 
eral limitations of this technology have manifested. First, the 
ODN must effectively cross the cell membrane to reach the 
cytoplasm or nucleus (permeation). Once inside the cell, the 
ODN must be resistant to degradation (stability). Finally, the 
ODN must be able to bind specifically and with a high affin- 
ity to the RNA target in order to inhibit the desired gene 
(afFmity and specificity) [28,30]. 

ODNs are strongly negatively charged, which prevents 
them from passing the cell surface passively. Uptake of ODNs 
appears to occur by receptor-mediated endocytosis and is 
determined by various factors, including the length of the 
ODN, the total charge of the molecule, its lipid solubility and 
the nucleotide concentration [62,63]- 

Naturally occurring nucleotide oligomers are easily and 
rapidly degraded by exo- and endonudeases, which can sig- 
nificantly limit their utilisation in antisense technology [64,6S]. 
Previous studies have confirmed that the presence of simple 
3' or 3' plus 5' modifications may provide protection from 
degradation by exonucleases [66,67]. However, the action of 



intracellular endonudeases is sufficient to degrade the end- 
modified oligomers; uniform modification throughout the oli- 
gomers has been suggested. Interestingly, previous studies [41] 
have shown that unmodified ODNs are more efHcacious 
in vivo and in vitro than modified ODNs. 

The affinity of the ODNs depends on their length and base 
composition. An increase in ODN length also increases its affin- 
ity; however, after a particular ODN length has been reached, its 
affinity decreases. The affinity also increases as the number of 
guanosine-cytidine pairs increase [68]. The effect of ODNs is 
believed to be highly specific due to complementary base pairing 
between the antisense DNA and the target mRNA, but it does 
not prevent the frequent nonspecific effects described earlier (42]. 

3. Clinical implications and first experience of 
antisense therapy in the treatment of vascular 
proliferative disease 

3.1 Delivery systems for antisense oligonucleotides 

One of the most important technical problems in the clinical 
applicability of antisense technology is the development of an 
efficient and suited delivery system for ODNs. Local drug 
delivery was designed to bring the antisense agent to the coro- 
nary artery during the period of time corresponding to peak- 
injury response. The earliest attempts to deliver antisense 
agents to prevent restenosis involved a rat carotid artery model 
using adventitial [49] or surgical application [50]. The initial 
clinically applicable devices were catheter-based and provided 
local delivery as a bolus injection, at which time the catheter 
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was withdrawn. The combination of antisense targeting to 
c-Myc with catheter-based delivery to coronary arteries of pigs 
for the prevention of restenosis began with phosphorothioate 
ODNs [29]. The bolus injection of phosphorothioate oligomers 
produced a reduction in heart rate, blood pressure and cardiac 
output in primate models that was sometimes lethal [69-72]. 

Modified angioplasty balloons have been designed and 
developed for local delivery of genes or drugs into the vascular 
wall [73], Some examples of modified angioplasty balloons are 
the double balloon catheter, in which the agent is infused into 
a closed compartment between the balloons and can difRise 
with minimal pressure onto the vessel wall; perforated balloon, 
in which the agent is infused under pressure through pores in 
the balloon wall and onto the vessel tissue; and the hydrogel- 
coated balloon, in which the agent is mixed in hydrogel, 
which dissolves in the bloodstream when the balloon is 
inflated and pressed against the vessel wall (the agent can then 
diflfuse into the luminal cells). The limitation of these devices 
is pressure-driven delivery that causes additional vessel damage 
and low efficacy. Viral vectors or different lipid carriers may 
increase efficacy of delivery. Fibrin meshwork is an alternative 
vehicle for sustained release of antisense, a factor that may be 
important in the case of stent implantation. 

Polymer-coated stents have been used successfully to deliver 
micro molar concentrations of c-Myc antisense phosphorodi- 
amidate morpholino oligomers (PMOs) into the vessel 
wall [74]. Zhang etaL [75} reported effective local delivery of 
c-Myc antisense ODN by gelatin-coated platinum-ipidium 
stents in rabbits. This experience showed that ultimate success 
will require polymers that are capable of rapid elution of the 
ODN with minimal capacity to inflame or otherwise cause 
additional injury to the vessel wall. 

Perfluorobutane gas microbubbles with a coating of dextrose 
and albumin efficiently bind antisense oligomers [76], These 
0.3 - 10 \im particles bind to sites of vascular injury. Further- 
more, perfluorobutane gas is an effective cell membrane fluid- 
iser. The potential advantages of microbubble carrier delivery 
include minimal additional vessel injury from delivery; no resi- 
dent polymer to degrade, leading to eventual inflammation; 
rapid bolus delivery; and the high likelihood of repeated deliv- 
ery. In addition, the potential for PGMC to deliver to vessel 
r^ions both proximal and distal to stents in vessels suggests 
that this mode of delivery will serve as an excellent adjuvant to 
a variety of catheter and coated-stent delivery techniques, 

3.2 First clinical experience of antisense therapy in 
the treatment of restenosis 

The clinical applicability of antisense technology remains lim- 
ited by a relative lack of specificity, slow uptake across the cell 
membrane, and rapid degradation of ODNs. 

Promising results emerged from the Proliferation Reduction 
with Vascular Energy Trial (PREVENT) trial [77], which 
showed efficacy of ex vivo gene therapy of human vascular 
bypass grafts with a decoy ODN to the E2F transcription fac- 
tor, which is essential for VSMC proliferation in lowering the 



Table 2. Results of ITALICS trial that examined the 
effectiveness of antisense directed against c-Myc, 
showing a lack of effect of the antisense compound in 
comparison with placebo. 



Results 


Placebo 


Antisense 


P 




n=:39 


n = 38 


value 


Loss index 


0.66 ± 0.3 


0,71 ±0.3 


0.5 


Restenosis rate 


38% 


34% 


0.8 



ITALICS: Randomized Investigation by the Thoraxcenter of Antisense DNA using 
Local delivery and Ivus after Coronary Stenting. 



incidence of venous bypass graft failure. Recently reported 
results of another clinical trial (ITALICS [randomized Investi- 
gation by the Thoraxcenter of Antisense DNA using Local 
delivery and Ivus after Coronary Stenting]) in Rotterdam [78] 
that examined the effectiveness of an antisense compound 
directed against c-Myc, however, were disappointing (Table 2). 
The authors considered several reasons for the observed lack of 
effect of the antisense compound. Among them, the local con- 
centration of antisense compound achieved may not have been 
high enough to show a significant effect. Furthermore, the sin- 
gle administration of the antisense compound might not be 
effective in suppressive c-Myc, which showed biphasic response 
to the vessel injury. The authors also used a self-expanding 
stent, which can cause chronic injury of stented arteries. Under 
these circumstances, a single injection of antisense may not be 
adequate to reduce myointimal response. 

Optimistic results have been obtained with the newly intro- 
duced AVI-4126, which belongs to a family of molecules 
known as the PMOs (28]. These oligomers are comprised of 
(dimethylamino) phosphinylideneoxy-linked morpholino sub- 
units, which contain a heterocyclic base recognition moiety of 
DNA attached to a substituted morpholine ring system. In gen- 
eral, PMOs are capable of binding to RNA in a sequence-spe- 
cific fashion with sufBcient avidity to be useful for the 
inhibition of the transladon of mRNA into protein in vivo. 

Although PMOs share many similarities with other sub- 
stances that are capable of producing antisense effects (e.g., 
DNA, RNA and their ODN analogues, such as the phospho- 
rothioates [PSOs]), there are several critical differences. Most 
importandy, PMOs arc uncharged and resistant to degradation 
under biological conditions, exceptionally stable at tempera- 
ture extremes, and resistant to degradation in plasma and to 
the nucleases found in serum and liver extracts [79]. They also 
exhibit a high degree of specificity and efficacy, both in vitro 
and in cell culture [80], which averts a variety of potentially sig- 
nificant limitations observed in PSO chemistry. The antisense 
mechanism of action appears to be through the PMO hybrid 
duplex with mRNA to inhibit translation. Finally, PMOs have 
demonstrated antisense activity against c-Myc pre-mRNA in 
living human cells [81]. The combined efficacy, potency and 
lack of nonspecific activities of PMO chemistry have com- 
pelled us to re-examine the approach to antisense to c-Myc in 
the prevention of restenosis following balloon angioplasty. 
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Table 3. Study with endoluminal delivery of advanced c-Myc antisense PMO (Resten-NG) Into the area of PCI 
demonstrated complete inhibition of c-Myc expression and a significant reduction of the neointlmal formation in 
the treated vessels In a dose-dependent fashion while allowing for complete vascular healing. 



Control (n = 6) 1 mg (n = 8) 5 mg (n = 9) 10 mg (n = 7) 



Injury Score 


0.95 


0.91 


0.90 


0.94 


Lumen 


3.26 


4.76 


4.91 


5.62 


Media 


2.05 


1.97 


2.04 


2.16 


Intima 


3.88 


2.81 


2.01 


1.95 


lA/IS 


4.08 


3.09 


2.17 


2.13 



lA: Intima area; IS: Injury score; PMO: Phosphorodiamldate morpholino oligomer; PCI: Percutaneous coronary inten/ention. 



Resten-NG (AVI-4126) 
suppresses c-myc expression 



Treatment: 



hR 



hR 



hR 



Normalised 
c-myc 

% Reduction 47% 
Resten-NG 
ng/IOO^I 



1.0 



200 



1.9 



1.2 

83% 

177 



7.3 



1.0 5.0 

80% 

131 



Histopathology 



TEM 



Control! 



DES 



Endotheiiallsation 
score 



3 + 



3 + 



Figure 1. Impact of the advanced c-Myc antisense PMO 
(Resten-NG; AVI-41 26)-elutlng phosphorylcholine-coated 
stents (DES) on c-myc expression. 

DES: Drug-eluting stents; PMO: Phosphorodiamidate morpholino oligomer. 



Histopathology 



Thrombosis 



Control 



DES 





ND 



ND 



Tissue 
necrosis 



ND 



ND 



Figure 2. Impact of the advanced c-Myc antisense PMO 
(Resten-NG)-eluting phosphorylchollne-coated stents (DES) 
on the vessel wall. 

DES: Drug-eluting stents; PMO: Phosphorodiamidate morpholino oligomer. 



PMOs have been evaluated for adverse effects after intra- 
venous bolus injections in both primates (Good Laboratory 
Practice studies by Sierra Biomedical) and humans (Good 
Clinical Practice studies at MDS Harris). No alterations in 
heart rate, blood pressure or cardiac output were observed. In 
summary, bolus injections of PMO by local catheter-based 
delivery devices are feasible. 

The authors* studies with endoluminal delivery of 
advanced c-Myc antisense PMO (Resten-NG; AVI-4126 for 
restenosis) into the area of PTCA (Transport Catheter™; 



Figure 3. Impact of the advanced c-Myc antisense PMO 
(Resten-NG; AVI-41 26)-eluting phosphorylcholine-coated 
stents (DES) on the vessel wall. 

DES: Drug-eluting stents; PMO: Phosphorodiamidate morpholino oligomer; 
TEM: Transmission electron microscopy. 




Figure 4. SEM of antlsense-eluting polymer-coated stent. 

Courtesy of Medtronic, Inc. 
SEM: Scanning electron microscopy. 



rabbit iliac artery model) [82J and into coronary arteries 
following stent implantation (Infiltrator™ delivery system; 
pig model) [83] (Table 3) demonstrated complete inhibition of 
c-Myc expression and a significant reduction of the neo- 
intlmal formation in the treated vessels in a dose-dependent 
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Figure 5. Antisense-eluting stent. Surface of the metallic, po!ymer<oated, and AVI-4126-eluting polymer-coated stents viewed using 

atomic force microscopy. Courtesy of Medtronic, Inc. 




Polymer (positive ion) Drug (negative ion) overlay 



Figure 6. Antisense-eluting stent. Surface analysis techniques - imaging SIMS. Homogenous distribution of AVI-4126 on polymer- 
coated stents. Courtesy of Medtronic, Inc. 
SIMS: Secondary ion mass spectroscopy. 



fashion while allowing for complete vascular healing. Similar 
results were obtained after implantation of advanced c-Myc 
antisense PMO-eluting phosphorylcholine-coated stents in 
the porcine coronary restenosis model [74] (Figures 1 - 3). Less 
inflammation was also observed after implantation of the 
antisense-loaded stent. This favourable influence on hyperpla- 
sia (a 40% reduction of intima) in the absence of endothelial 
toxicity may represent an advantage of antisense PMO over 
more destructive methods, such as brachytherapy [84] or cyto- 
toxic inhibitors {85], The authors believe that local application 
of antisense via a polymer-coated stent may be more prefera- 
ble then local catheter delivery (Figures 4 - 6). The authors 
also tested novel perfluorocarbon gas microbubble carriers for 
site-specific delivery of AVI-4126 to the injured vessel wall 
and obtained encouraging results [86]. 



The most robust of observations to date by multiple inves- 
tigators is the finding that AVI-4126 is safe and effective in 
vascular application in a number of species. Different meth- 
ods for local delivery have also been tested, but these observa- 
tions fall short of proof that AVI-4126 will be effective in the 
treatment of human restenosis. Efficacy in animal models has 
also been encouraging. Furthermore, all these studies with 
AVI -4 1 26 indicated that the agent is safe. 

The last remaining question is if AVI-4126 will find a 
place in future therapeutic regimens for the prevention of res- 
tenosis; this answer might be found in the results of Phase II 
clinical studies being conducted at present, such as AVAIL 
(safety and efficacy of AVI-4126 Antisense delivered via Infil- 
trator catheter Locally after PCI in humans). Recent data 
from a 6-month follow-up on the patients enrolled in the 
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Table 4. AVAIL study showed that antisense can be as effective in the prevention of restenosis as most well-known 
antiproliferative agents. 





Control 


3 mg 


10 mg 


rvci ujaiiicici v"""/ 




2.79 ± 0.78 


2.77 ±0.46 


MLD pre 


0.65 ± 0.40 


0.94 ±0.71 


1.10 ±0.50 


MLD post 


2.81 ±0.98 


3.00 ± 0.63 


2.84 ±0.71 


MLD @ FU 


1.55 ±0.64 


1.69 ±0.99 


2.00 ±0.74 


% DS: 








pre 


71.10 ± 18.04 


68.35 ± 19.80 


60.58 ± 15.50 


Post 


6.85 ± 8.94 


8.82 ± 7.49 


9.71 ±9.58 


FU 


39.45 ± 22.03 


41.91 ±24.86 


22.23 ±21.23 


Late loss 


1.26 ±0.19 


1.45 ±0.19 


0.74 ±0.16* 


Binary restenosis 








Number 


3/9 


4/12 


1/12 


% 


33.3 


33.3 


8.3 



*ANOVA significant difference, p < 0.03. 

ANOVA: Analysis of variance; AVAIL: Safety and efficacy of AVI-4126 Antisense delivered via Infiltrator catheter Locally after PCI in humans; DS: Diameter stenosis; 
FU: Fbllow-up; MLD: Minimal luminal diameter; PCI: Percutaneous coronary intervention. 



agents, but in contrast with other chemotherapeutics 
(paditaxel, actinomycin D), c-Myc antisense inhibits the ceil 
cycle in the G-1 phase, which make its effect less toxic and 
comparable to that of rapamycin. 

4. Expert opinion and conclusion 

Proof of principle has been established that inhibition of sev- 
eral cellular proto-oncogenes, including the DNA binding 
protein c-Myb, non-muscle myosin heavy chain, PCNA, 
PDGF, bFGF and c-Myc, inhibit SMC proliferation in vitro 
and in animal models. The first clinical study demonstrated 
the safety and feasibility of local delivery of antisense in the 
treatment and prevention of restenosis; another randomised 
clinical trial (AVAIL) with local delivery of c-Myc mor- 
pholino compound in patients with CAD demonstrated its 
long-term effect on reducing neointimal formation, as well as 
its safety. These preliminary findings from the small cohort of 
patients require confirmation in a larger trial utilising more 
sophisticated drug-eluting technologies. 

Further identification of new transcriptional factors and 
signalling mediators would be an important step in the 
development of new potential targets for therapy of 
vascular restenosis. 




Restenosis comparisons 



33.3 34 

[LJl 

AVAIL LD AVAIL HD ITALICS 



Figure 7. AVAIL study showed that antisense can be as 
effective in the prevention of restenosis as most well- 
known antiproliferative agents. 

AVAIL: Safety and efficacy of AVI-4126 Antisense delivered via Infiltrator 
catheter Locally after PCI in humans; HD: High dose; ITALICS: Randomized 
Investigation by the Thoraxcenter of Antisense DNA using Local delivery and Ivus 
after Coronary Stenting; LD: Low dose; PCI: Percutaneous coronary intervention. 

AVAIL study [87] showed that AVI-4126 is effective in reduc- 
ing neointimal formation, particularly when locally delivered 
at a high dose. It was also concluded that local delivery of 
antisense is safe and feasible. The results (Table 4 and Figure 7) 
indicate that antisense (AVI-4126) can be as effective in the 
prevention of restenosis as most well-known antiproliferative 
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